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Abstract
A narrow plume of warm, moist tropical air produced prolonged precipitation and melted snow in low-to-mid elevations throughout western Washington in January 2009. As a result, peak-of-record discharges occurred at many long-term streamflow-gaging stations in the region. A disaster was declared by the President for eight counties in Washington State and by May 2009, aid payments by the Federal Emergency Management Agency (FEMA) had exceeded $17 million. In an effort to document the flood and to obtain flood information that could be compared with simulated flood extents that are commonly prepared in conjunction with flood insurance studies by FEMA, eight stream reaches totaling 32.6 miles were selected by FEMA for inundation mapping. The U.S. Geological Survey's Washington Water Science Center used a survey-grade global positioning system (GPS) the following summer to survey high-water marks (HWMs) left by the January 2009 flood at these reaches. A Google Maps© application was developed to display all HWM data on an interactive mapping tool on the project's web site soon after the data were collected. Water-surface profiles and maps that display the area and depth of inundation were produced through a geographic information system (GIS) analysis that combined surveyed HWM elevations with Light Detection and Ranging (LiDAR)-derived digital elevation models of the study reaches and surrounding terrain. In several of the reaches, floods were well confined in their flood plains and were relatively straightforward to map. More common, however, were reaches with more complicated hydraulic geometries where widespread flooding resulted in flows that separated from the main channel. These proved to be more difficult to map, required subjective hydrologic judgment, and relied on supplementary information, such as aerial photographs and descriptions of the flooding from local landowners and government officials to obtain the best estimates of the extent of flooding.
Introduction
Heavy rains began on January 6, 2009, and air temperatures began to rise throughout western Washington. The heavy rains were forecasted to continue, major flooding was expected, and the Federal Emergency Management Agency (FEMA) office in Bothell, Washington, was placed in an "Awareness" notification mode for river flooding, indicating that a potential or developing hazardous situation was occurring. The rains continued through January 8, 2009, resulting in flooding on most rivers and creeks in western Washington. Evacuation orders had been issued on January 7 to residents near the Puyallup and Carbon Rivers and those near South Prairie Creek. At that time, many of the rivers were already above bankfull and (or) flood stage and forecasted to rise higher (table 1). A section of Interstate 5, the main north-south transportation route in western Washington, was flooded, and the highway was closed for 43 hours near Chehalis, Washington; this closure resulted in an economic loss of $12 million per day (per letter from Governor Christine Gregoire to the President, January 21, 2009). On January 21, the Governor requested that the President declare a disaster for nine counties in Washington (Clark, King, Lewis, Mason, Pacific, Pierce, Snohomish, Thurston, and Wahkiakum). On January 30, 2009, the President declared such a disaster, and by May 2009, FEMA disaster aid had exceeded $17 million.
After the flood, FEMA requested that the U.S. Geological Survey (USGS) Washington Water Science Center (WAWSC) document the flood to provide information needed for verification of flood simulation models to be used for current and future flood-insurance studies.
Purpose and Scope
This report documents the magnitude and estimates of the extent of flooding at eight stream reaches (selected by FEMA) in western Washington in January 2009 ( fig. 1,  table 2 ) and the methods used to define the extent of flooding. The magnitude of the floods at these reaches was determined by estimating the exceedance probabilities for the flood on the basis of annual peak streamflow data from nearby longterm streamflow-gaging stations operated by the USGS. The extent of flooding was determined by mapping high-water marks (HWMs) and creating flood-depth maps and peak water-surface profiles. The maps and profiles were developed from surveyed HWMs collected by the USGS WAWSC during the summer of 2009. Geographic Information System (GIS) techniques were used to delineate the extent and depth of the flooding based on HWMs, aerial photographs of the flooding, and local knowledge of the flood shared by local officials and residents. Many of the selected reaches are currently being evaluated by FEMA for a Flood Insurance Study (FIS) or are scheduled for an FIS in the near future.
Meteorological Conditions Leading to the Flood
Washington was receiving significant rainfall by January 5, 2009, and the rains continued to be heavy through January 8, 2009. The weather system has been described as an "atmospheric river" or "Pineapple Express" (alluding to its origin in the Pacific Ocean near the Hawaiian Islands) consisting of strong westerly flow aloft with embedded sub-tropical moisture (Shick, 2009) . Atmospheric rivers are elongated, narrow bands of relatively warm winds funneled from the subtropics that carry substantial moisture ( fig. 2) , and they are associated with all major and most moderate flooding in western Washington (Shick, 2009) . Such warm winds occur at all times during the year, but typically are strongest from October to March.
Typical winter wet weather for the Pacific Northwest had recharged the dry fall soils with moisture prior to the heavy rains that began January 6, 2009. Also at this time, air temperatures began to rise (table 3). The rains continued to be heavy through January 8, resulting in 3-day totals of more than 7.5 in. at many locations in western Washington (table 3) with higher precipitation totals at the highest elevations. A thin blanket of snow covered most of the lowlands in western Washington prior to the heavy rains and increased in depth with increased elevation. By January 10, the snow had melted in the lowlands and was significantly thinned at mid-elevations. The highest 24-hour rainfall totals were approximately equivalent to that of the estimated 10-year, 24-hour rainfall for western Washington ( fig. 3 ). Major flooding in most of western Washington's rivers followed in response to several days of heavy rain and contributions from snowmelt.
Flooding in Western Washington
The January 2009 flooding was widespread throughout western Washington, setting peaks of record at 21 nonregulated rivers at streamflow-gaging stations operated by the USGS for more than 10 years ( fig. 4) . Although the 24-hour precipitation totals reflect an event with a return interval of about 10 years ( fig. 3) , the January 2009 peak flows at many of the streamflow-gaging stations with 50-80 years of record suggest that it was a flooding event with a return interval much greater than 10 years. Factors other than the 24-hour precipitation totals added to the severity of the flooding. For example, the nearly continuous precipitation for several days prior to the flood would likely have brought the soil moisture levels to field capacity, priming them to yield rapid runoff with any additional rain or snowmelt. Additionally, the disappearance of lowland snow cover present prior to the flood suggests that snowmelt contributions were important to the magnitude of the floods. 
Magnitude of Flooding at the Selected Reaches
All selected study reaches drain the western slopes of the Cascade Range in Washington and have drainage areas ranging from 79.5 mi 2 (South Prairie Creek) to 603 mi 2 (Snoqualmie River near Carnation) (table 4). The magnitudes of the floods in the selected reaches were some of the largest in western Washington in recent history. Comparisons of the peak discharges in January 2009 with other recorded peak discharges at the streamflow-gaging stations along with photographs of the flooding and a comparison of the January 2009 peak discharge with the discharges for various exceedance probabilities are provided here to convey a sense of the size of this flood.
The January 2009 flood produced peak of record flows at four of the eight streamflow-gaging stations in or near the selected study reaches (table 4). The period of record at these streamflow-gaging stations range from 51 to 81 years, thus providing a good indicator of the range in magnitude of flooding in western Washington over the last half century. The following photographs (figs. 5-13) provide a glimpse of the January 2009 flooding at the selected study reaches. Gage located 6.6 mi upstream of the study reach. It does not include the ungaged South Fork Stillaguamish River that flows into the study reach. An estimate of the annual exceedance probability (AEP) of a peak discharge from an annual time series of peak discharges is often used to characterizes the magnitude of a flood. AEP is the inverse of the "return period" or "recurrence interval." For example, an annual peak flow with an AEP of 0.02 or 2 percent, is equivalent to a 50-year return period or simply the "50-year flood." A flood of this magnitude has a statistical probability of being equaled or exceeded two times in 100 years on average or a 2-percent chance of being equaled or exceeded in any 1 year. In the case of an unusually large flood and a relatively short record of annual peak discharges, the large peak may bias the results of the analysis of those discharges. This is the case in the analysis of flooding in western Washington in January 2009, and opinions differ on how this situation should be handled (Timothy Cohn, U.S. Geological Survey, written commun, 2010). One method is to exclude the unusually large peak discharge in the statistical analysis and then compare the peak discharge to the various flood quantiles estimated for the standard AEPs. This provides a more unbiased method for comparison with the station's probability distribution of annual peak discharges. The other method is to include the unusually large peak discharge in the statistical analysis, which will have the effect of increasing the flood quantiles for a given AEP and reducing the relative magnitude of the large peak discharge. If any new flood-plain mapping or infrastructure design occurs on the flood-plain, all the available annual peak-flow data are used and the analysis would be similar to this latter method. In light of the difference in treatment of unusually large peak discharge values and differences in how the characterization of the flood may be used, both estimates of the AEP are provide in table 5.
Following procedures described in Bulletin 17b of the U.S. Water Resources Council (1981), the complete record of annual peak discharges through water year 2008, and again through water year 2009, were analyzed to compute AEPs at the eight representative streamflow-gaging stations for the eight selected stream reaches. This procedure uses the Pearson Type III distribution with log transformation of the peak discharges. No historical period was used in the analysis although some small gaps existed in the systematic record for some stations. The historical period in the Bulletin 17b procedure has the effect of extending the number of years of the period of record beyond the number of annual peak discharges used in the analysis. When the length of annual peak flow records are relatively short and two or more independent estimates of flood frequency are available, the weighting of the independent estimates is suggested to improve the final estimate (U.S. Water Resources Council, 1981, appendix 8 of Bulletin 17b). A set of regional regression equations for the State of Washington developed by Sumioka and others (1998) Most of the 24-hour daily precipitation totals in January 2009 only approximate the 10-percent exceedance probability (10-year return period) and most of the peak discharges approximate the less than 1 to 10 percent AEP. These conditions suggest that the duration of the heavy rainfall (approximately 3-4 days), antecedent soil-moisture conditions, and the contribution of low-elevation snowmelt were important factors contributing to the relatively high peak discharges-all less than a 10 percent AEP. The peak discharge of the Cedar River at the study reach is at times affected by regulation of flow at Masonry Dam at Cedar Falls for power production and municipal water supply for the City of Seattle. 
Collection of High-Water Mark Data
The first and most labor-intensive task of this study was the flagging and surveying of high-water marks (HWMs) that indicated the maximum, or peak, water surface during the flood. This information combined with the LiDAR-derived (Light Detection and Ranging) digital-terrain data, provide the essential information for the geographic information system (GIS) analysis used to map the extent and depth of the flood. Although the horizontal locations of the HWMs required accuracies only on the order of tens of feet to be useful for the flood-inundation mapping, the vertical accuracy of the marks was much more critical and needed to be within a few tenths of a foot of their actual elevation to be useful. Due to the required accuracy of the vertical data and the limited time that was available to collect data, a survey-grade Global Positioning System (GPS) and, at times, a total station (survey instrument with electronic angular and distance measurement capabilities) or leveling instrument (level) were used.
The collection of HWM data started on April 9, 2009, 3 months after the flood, and ended in late August of that year. Because HWMs degrade in quality over time, many initially excellent-quality HWMs, such as mud lines on buildings, were lost to rain and property owners cleaning their buildings. For this study, the marks were located and "logged" as quickly as possible by a two-person "flagging" team, and their locations and elevations were subsequently documented by a twoperson "survey" team.
As the HWMs were surveyed, the data were posted on the project's web page (http://wa.water.usgs.gov/projects/ flood2009/) using a Google Maps© application. The data were posted on an interactive viewer with street, satellite, and (or) terrain maps in the background.
Flagging of High-Water Marks
At each study reach, a two-person flagging team located HWMs at intervals of approximately 500 ft on each side of the river or creek. Each HWM was described on a field sheet ( fig. 22 ) that included a rating for quality, photograph numbers, an indication whether the mark was flagged with orange flagging tape and (or) a plastic 1-in. round marker ( fig. 23 ), a preliminary latitude and longitude of the HWM as indicated by a hand-held GPS, and directions to the mark. The quality rating of a HWM is subjective based on the clarity of the mark and a comparison to nearby HWMs, following the guidelines of Lumia and others (1987; table 6 ) to indicate how accurately the HWM defined the peak water-surface elevation of the flood. Flagged HWMs included mud lines on structures, debris lines, or debris piles along banks and in vegetation, and tree scars. Table 6 . High-water mark ratings.
Rating
Accuracy (feet)
Excellent (Ex) ± 0.02 Good (G) ± 0.05 Fair (F) ± 0.10 Poor (P) Greater than ± 0.10
Survey of High-Water Marks
Following the flagging team, the survey team surveyed the flagged HWMs and often included a survey of nearby HWMs for verification of the flagged marks.
Instrumentation
A Real-Time Kinematic (RTK) GPS unit was used to survey the position and elevation of most of the HWMs. Trimble® R8 receivers with Trimble® TSC2 controllers that contained the operating software and logged the data were used to collect the data (fig. 24) . The R8 GPS units receive the GLONASS (GLObal Navigation Satellite System) satellite data (Russian constellation of satellites) as well as data from the United States GPS satellites; therefore, the number of satellites in view in an unobstructed horizon was never a limiting factor in the ability to obtain a GPS position for a HWM. In areas where dense tree cover interfered significantly with the GPS satellite signal, a survey level or total station was used to survey the HWM. The RTK GPS, however, established the starting reference marks for the level or totalstation survey.
The manufacturer of the RTK GPS reported a root mean square (RMS) accuracy for the vertical dimension is ±2 cm plus 1 part per million (ppm) × baseline length. Typically, with a base radio and rover setup, baselines were limited by the distance of the radio broadcast that was generally about 5 mi or a baseline of 52,800 ft (5 × 5,280 × 2). By the manufacturer's guidelines, a baseline of this length would result in a potential vertical, 1-sigma error of 0.118 ft relative to the monument that is being used. The reported horizontal accuracy is ±1 cm plus 1 ppm x baseline length. For the same long baseline described above, the 1-sigma error would be 0.086 ft relative to the monument.
Survey Procedure
Two techniques for RTK GPS surveying were used to collect HWM elevations for this study. The traditional RTK GPS technique uses a base GPS on a known survey monument (base) that receives GPS signals, computes a positional error, and then broadcasts the error via radio. A second GPS receiver (rover) receives the GPS signals and the broadcast positional errors from the base receiver and computes a corrected position for each HWM. A second RTK GPS survey technique sometimes referred to as RTN (Real-Time Network; Shrock, 2006) utilizes a network of continuously operating GPS stations known as the Washington State Reference Network (WSRN) that provides real-time correction to the rover GPS via a cellular data connection, thus eliminating the need for a base station. WSRN is a regional cooperative organized by Seattle Public Utilities, which housed the central processing computers (for more information see http://www.wsrncontent. org/prsn/). The study reaches on South Prairie Creek, Puyallup River, Snoqualmie River at Snoqualmie, and the Figure 24 . U.S. Geological Survey hydrologist demonstrating the use of a pole-mounted laser range finder with angle encoder to compute the vertical offset from the high-water mark (not visible in the photograph) to the laser range finder mount point on the global positioning system (GPS) unit pole. Also shown in the photograph is the 2.0 meter black GPS pole, GPS R8 receiver on top of the pole, GPS bipod that supports the pole, and the TSC2 data collector mounted on the pole below the range finder. Photograph taken by Mark Mastin, U.S. Geological Survey, June 3, 2009.
Tolt River reaches were surveyed using the traditional RTK GPS technique. Study reaches on the Snoqualmie River at Carnation, Cedar River, Newaukum River, and Stillaguamish River were surveyed using the RTN technique. There was no indication of any loss of accuracy because of the use of the RTN technique (table 7) .
To verify GPS accuracy, a local survey monument with known coordinates was checked at the beginning and end of each survey day. All survey monuments used were part of the Washington State Department of Transportation (WSDOT) Survey Monument Database (available online at: http:// www.wsdot.wa.gov/monument/). The reported accuracy of the orthometric height generally was 1 cm (0.033 ft), although some reported accuracies were as high as 5 cm (0.164 ft, table 7). The survey at each study reach was set to the coordinate system used to report the coordinates of nearby WSDOT survey monuments. The surveys at South Prairie Creek, Puyallup River, and Newaukum River all used the Washington State Plane South coordinate system, and the other reaches used the Washington State Plane North coordinate system. All horizontal and vertical coordinates were converted to U.S. survey feet. The horizontal datum NAD 83 and vertical datum NAVD 88 were used. GEOID03 was the geoid model used to convert ellipsoid heights to orthometric heights above sea level.
At many HWMs, a direct GPS survey could not be obtained on the mark due to excessive tree cover or proximity to buildings. If there was a nearby (within 50 ft) location where an accurate GPS location within sightline of the HWM could be obtained, a pole-mounted laser range finder with an angle encoder was used to take a reading on the HWM. A target with a reflector (fig. 25 ) would be set in line with the HWM and the pole-mounted laser from the remote location would be used to determine the vertical height difference from the measured angle and distance. Using this vertical offset plus the measured distance from the laser range finder to the bottom of the antenna, a revised GPS antenna height was computed before collecting the satellite data ( fig. 24) . The reported vertical-angle accuracy of the laser range finder is plus or minus 0.1 degrees. At a distance of 50 ft, this would equate to a vertical error of ±0.087 ft. When this method was used the standard procedure was to minimize the distance away from the HWM, use the filtering option on the laser range finder, stay within 50 ft of the HWM, and compute the average vertical offset from three or more readings. Usually, no correction for horizontal position was made. A rigorous assessment of the vertical error for each HWM would be difficult to make considering the conditions in the field. However, a rough assessment could be made. Considering the vertical errors in the survey checks in table 7 as the GPS survey error of HWMs under optimal conditions, the standard error is about 0.073 ft or a 2-sigma error of 0.15 ft. As mentioned above, additional vertical error may have been introduced when the pole-mounted laser range finder, level or total station were used or when the canopy cover reduced the number of satellites visible to the GPS unit. These factors might add an additional 0.1 ft to the vertical error. When the vertical error in the identification of the HWM, which was assumed to range from 0.02 to 0.10 ft (Excellent to Fair marks, see table 6), is considered then the range in error associated with HWMs would be 0.17 ft (2-sigma) under ideal surveying conditions and 0.35 ft for fair HWMs under poor surveying conditions.
Creating Web-Based, High-Water Mark Maps
After the HWMs were surveyed, the horizontal coordinates were converted to geographic coordinates, based on NAD 83. An Excel file of all HWMs was compiled and made available on the project web site (http://wa.water.usgs. gov/projects/flood2009/). Associated with each HWM was an identification code, quality code, and the surveyed elevation, above NAVD 88. A set of seven interactive Google Maps© applications were developed for the project web site. (The Snoqualmie River at Carnation and Tolt River reaches are combined due to their proximity.) The applications provide the HWM locations on a street-map, satellite, and (or) terrain base map that allows the user to define and change the extent of the map and view the associated data with a simple click over the HWM of interest. The Google Map© applications can be found for the eight reaches at: http://wa.water.usgs.gov/ projects/flood2009/data.htm (see figures 26-27 for examples). 
Flood Inundation Maps
Flood inundation maps show the extent and depth of the peak flooding. The HWMs defined only the elevation of the peak water surface at one point in the flood profile, and generally, the marks were not located at the farthest extent of the flood away from the center of the main channel. However, if the floodplain elevation of the stream valley is known at a HWM, the extent of flooding can be estimated by projecting the HWM elevation horizontally and (generally) perpendicular from the direction of flow until it intersects with the land elevation on both sides of the river. Using a number of these horizontally projected lines (labeled on maps as "Potential water-surface contour") that generally are perpendicular to the flood flow direction, a sloping surface that matches the floodwater-surface profile can be constructed to define a two-dimensional water surface at the flood peak. In GIS, this surface can be intersected with a terrain surface (Digital Elevation Model, or DEM) to define the extent of flooding as the areas where the difference of the water-surface elevation minus the terrain elevation is greater than zero. These positive values also equate to the flood depth and where the values are negative, the terrain was not flooded; hence, the word "potential" is used to describe the water-surface contour. The LiDAR-derived DEMs used in this study do not usually capture the river geometry below the water surface at the time the LiDAR data are collected, and therefore, the depths computed in the channel may not be correct. This method of intersecting the water surface with the DEM works well to define the area of inundation for a well-confined river at flood stage using GIS techniques, HWM point coverages, and a high-resolution DEM. When water breaks over a levee or riverbank and the flow becomes disconnected from the main channel, it may assume a different slope than the water in the main channel, and that slope is not immediately tractable by the GIS mapping tool. In such cases, auxiliary HWMs and information gathered from local residents and local agency officials who witnessed the flooding was used to estimate the areas of inundation disconnected from the main channel.
The mapping procedure used a set of GIS Arc Macro Language scripts (AMLs), called Flood Mapper (Leslie Arihood, U.S. Geological Survey, written commun., March 2009). These AMLs were used to delineate areas of flood inundation in the June 2008 floods in Indiana (Morlock and others, 2008) . The program requires a grid of the DEM and a point coverage representing the HWMs. This project was fortunate to have high-resolution (3-6 ft horizontal grid spacing and 30 cm vertical accuracy), LiDAR-derived DEMs of all study areas with the exception of a small part of the Newaukum River near the mouth. This small area was not included in the flood inundation map for the Newaukum River. LiDAR grids were obtained from the Puget Sound Lidar Consortium (http://pugetsoundlidar.ess.washington.edu/ index.html). A portion of the LiDAR grid for the Newaukum River reach was obtained from Lewis County (Matthew Hyatt, Lewis County Public Works, written commun., December 2009).
The following general steps, which are listed in the order in which they were performed, were used to develop the flood inundation maps:
1. Created a stream section: A stream arc representing the main channel centerline was created in the GIS program with nodes defining the beginning and end of the mapping area. Additional nodes were then added to the stream arc at a user-specified interval.
2. Assigned elevations: Water-surface elevations were interpolated for each individual stream arc. The user assigned the upstream and downstream elevations for a set of stream arcs based on the nearby HWMs, and the program then interpolated elevation for each individual node in the set of stream arcs. During this step, the user asserted his or her judgment to select the most representative HWMs and disregarded other HWMs on the basis of trends in the slope defined by the HWMs and the quality of individual HWMs.
3. Created cross sections: The hydrologist added cross sections across the valley. Each cross-section line represented a line of equal, potential peak water-surface elevation and generally was perpendicular to the direction of flow. If a ponded area away from the main channel was filled by the flood due to the breaching or overtopping of a levee or low-spot in a roadway, a curved cross-section line may have been used to keep the water surface of the flooded area at the same elevation as the breach point even though the area may be upstream or downstream of the breach point. The endpoints of the cross-section lines determined the extent of the flood-inundation analysis. Note that the lines are called "Potential water-surface contours" on the final maps, and they were not drawn at equal-elevation intervals as is common for contours on topographic maps.
4. Created a water surface: The cross-section lines were converted to a point coverage at the hydrologistselected interval along the lines and each point carried the elevation value of its original line attribute. The point coverage was then used to create a surface with a Triangular Irregular Network (TIN) interpolator (a trend surface-interpolator option is available, but only the TIN option was used in this project). On the shoreward side of exposed continuously intact levees or roadways acting as levees, the true flood elevation may not have been the peak water-surface elevation on the stream side of the levee, but it may likely have been the peak water-surface elevation at the closest levee breach or overtopping point. In these cases, a TIN was created outside the flood mapper program with ARC/INFO®, using the barrier option in the CREATETIN command and a line coverage of the levee or roadway that is acting as a barrier. In a similar situation, a low-lying area on the shoreward side of a barrier and within the area defined by the cross sections that did not get flooded would have been flooded by the standard flood-mapper procedure. These areas were either excluded with a GIS mask of the area or the TIN was processed outside of the flood mapper program with a BNDRY_COV option that defines the boundaries of processing with a polygon coverage that did not include the protected area. The final maps show or note any barrier lines or GIS exclusion areas that were used.
5. Created flood surface and depth grids: The flood-mapper AML created both the flood surface and depth grids with the TIN created in the previous step by subtracting the terrain elevation (DEM) from the water-surface elevation TIN.
6. Created a flood profile: Two operations were conducted to construct the flood profile. First, the river miles of the upstream and downstream ends of the stream coverage were specified in the flood mapper program, and second, the HWMs used to produce the flood surface were moved close to the stream coverage. Once these activities were completed, the profile was constructed to define the stream elevation at the location of the HWMs.
Two mapping products and one profile graph were produced by the process described above for each study reach except for the Tolt and Snoqualmie River near Carnation reaches, which were combined on one map because of their proximity to one another. These maps and graphs (figs. 28-35 and pls.1-7) include the final flood-inundation map, a map of the HWMs that were used in defining the peak water surface, and a profile graph of the peak water surface. The HWM maps show the HWMs that were used in the analysis and those that were not. The HWM elevations are shown in this map overlain on a colored-shaded relief map of the study reach and valley. The inundation maps show the potential water-surface contours that were used to derive the two-dimensional peak water surface used in the analysis. HWM locations and the color-shaded flood-depth information that defines the area of inundation as well as the depth also are included on the maps. The background map for the inundation maps is a digital aerial orthophotograph provided by the National Agricultural Imagery Program (Mathews, 2008) . The maps and profiles are available on the project web site under the "Maps" menu. Field notes by USGS personnel taken during the HWM survey commonly included information on levee breaches and accounts by local property owners of the source and direction of the floodwaters. Aerial photographs of the floods acquired near the time when the river crested also were often available. In some cases, these anecdotal pieces of information proved to be vital to understanding the flow dynamics and methods used for constructing the flood maps. Each preliminary map was sent to at least one local government representative for review (see section "Acknowledgments"). Adjustments were made by revising the cross sections, adding barriers to the TIN, and making GIS masks to exclude certain areas.
Two examples, one simple and one complex, of the inundation mapping products are discussed here to illustrate the procedure and results. The flooding on the lower Cedar River was confined to the immediate flood plain of the river with no indication of separated flows or levee breaches (pl. 4B). The lower Cedar River flood map represents a simple example of the flood-mapper procedure that was a straightforward application with little adjustment after the first map was produced. The profile is fairly regular ( fig. 31) for most of the reach (slope = 0.0027 ft/ft) and then flattens out at the downstream end of the reach (slope = 0.0006 ft/ft). The lower, flatter slope is likely due to backwater influences of Lake Washington. Slight irregularities in the profile may be due to errors in the selection of the HWMs such as debris-pile HWMs that settled after the flood, surveyed elevations that may be in error up to 0.35 ft, channel-geometry configurations such as constrictions in the channel that tend to cause local ponding upstream of the constriction and steep gradients through the constriction, or section controls on water elevation such as log jams or weirs.
The application of the flood-mapping procedure to the flooding on the Snoqualmie River at Snoqualmie was a more complex one, which required many iterations before it was considered final (pl. 5). The analysis is subjective, however, and alternative interpretations could be made. The resulting flood inundation map relied on personal accounts of landowners and City of Snoqualmie officials who provided a map of the area of inundation within the city limits that was compiled from local accounts of the flooding. Those areas of cross hatching on the flood-inundation map (pl. 5B) labeled as "Additional areas of potential flooding" are areas that the City of Snoqualmie labeled as flooded, but our own analysis showed as remaining dry. Several landowners in the city related the same story, as did city officials that the floodwaters came from the south and not from the main stem of the Snoqualmie River. One resident on SE 2nd Ave, a road on the south side of the river that runs parallel to it near RM 42, reported a standing wave on the riverside of SE 2nd Ave and that water was flowing from the south toward the main channel of the river. This information supports the pattern of potential water-surface contour lines in the final inundation map (pl. 5B), which shows a steep gradient of the water surface defined by the contour lines that were drawn in order to accommodate the values of the HWMs surveyed in the area.
